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Abstract

The first cell lineage specification in mouse embryo development is the formation of trophectoderm
(TE) and inner cell mass (ICM) of the blastocyst. This article is to review and discuss the current
knowledge on the cellular and molecular mechanisms of this particular event. Several transcription
factors have been identified as the critical regulators of the formation or maintenance of the two cell
lineages. The establishment of TE manifests as the formation of epithelium, and is dependent on
many structural and regulatory components that are commonly found and that function in many
epithelial tissues. Distinct epithelial features start to emerge at the late 8-cell stage, but the fates of
blastomeres are not fixed as TE or ICM until around 32-cell stage. The location of blastomeres at
this stage, i.e., external or internal of the embryo, in effect defines the commitment towards the TE
or ICM lineage, respectively. Some studies implicate the presence of a developmental bias among
blastomeres at 2- or 4-cell stage, although it is unlikely to play a decisive role in the establishment
of TE and ICM. The unique mode of cell lineage specification in the mouse embryo is further
discussed in comparison with the formation of initial cell lineages, namely the three germ layers, in
non-mammalian embryos.

1. Introduction

Animal development is initiated by fertilization of the egg with sperm, which is immediately
followed by mitotic cell divisions, or cleavages, to generate blastomeres. In most animals, the
first step of cell type diversification is the creation of the primary germ layers, namely
endoderm, mesoderm and ectoderm. In general, endoderm is the precursor of the
gastrointestinal tract, which is essential for nutrient absorption; mesoderm gives rise to muscle
and blood cells, which are involved in locomotion and cardiovascular circulation, respectively;
and ectoderm develops into epidermis and neurons, which are critical for protection from and
sensing of the environment, respectively. Thus, the formation of the three germ layers lays the
groundwork for generating various tissues that are essential for animal life, and is an
evolutionarily conserved event that takes place at the beginning of animal development.

The situation, however, is slightly different for the development of mammals, specifically
eutherians, such as the mouse and human. The first cell differentiation event in mammalian
development is not the formation of the three germ layers, but is the establishment of two
distinct cell lineages: the trophectoderm (TE) and the inner cell mass (ICM) (Fig. 1). TE
engages in implantation by directly interacting with the mother’s uterus, and gives rise to tissues
in the placenta. It is only after implantation that the three germ layers form from the ICM,
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which ultimately generates all the tissues in the animal body. For most non-mammalian
animals, early development is dependent on the nutritional reserves stored in the egg yolk until
the embryo develops a mouth and digestive system to intake nutrients from the environment.
In this sense, the formation of the three germ layers is crucial as the first cell differentiation
event for embryos to construct tissues and organs essential for feeding. By contrast, the eggs
of mammals are generally yolk-poor, and the embryonic development is largely dependent on
the nutrients derived from the mother through the placenta. Thus, during the course of evolution
towards mammals, a unique developmental stage was inserted at the very beginning of embryo
development to generate TE, which is a vital tissue to interact with the mother’s uterus and to
create the placenta.

The objective of this article is to review and discuss the current knowledge on the mechanisms
of TE and ICM formation, specifically in the mouse embryo. Understanding of such
mechanisms is important not only from the perspective of animal evolution as mentioned
above, but also from a clinical point of view, particularly for human artificial reproductive
technology (ART). An ideal practice at fertility clinics is to raise embryos under an optimal
culture condition after in vitro fertilization, and to transfer a highest-quality embryo to the
mother’s uterus to achieve successful implantation and fetal development. Significant
advancements in human ART have been made in the past couple of decades, many of which
were fundamentally dependent on the prior knowledge obtained from the experimental studies
using mouse embryos. Examples are the development of better embryo culture media, embryo
cryopreservation technology, intracytoplasmic sperm injection (ICSI) as a method for efficient
invitro fertilization, and also blastomere biopsy for preimplantation genetic diagnosis as a way
to exclude embryos carrying undesired genetic abnormalities. Even so, the current ART may
still not be perfect in a sense that clinical pregnancy rate per transfer of a single embryo is 40—
60% in many cases (Jain et al., 2004; Stern et al., 2007; Leniaud et al., 2008; Stillman et al.,
2009). Thus, the elucidation of the mechanisms of TE and ICM formation would help possibly
in improving culture conditions to raise human embryos to a better-quality state, in which the
development of TE and ICM is enhanced for robust implantation and fetal development.

2. Morphological overview of the first three days of mouse development

This section briefly describes the major morphological events during the first three days of
mouse development, the pre-implantation stage, which results in the generation of TE and ICM
(Fig. 1). The pre-implantation stage of development normally takes place within the oviduct
of the mother, but it can also be recapitulated in vitro in a chemically defined culture medium
without adversely affecting the developmental potential of embryos (Summers and Biggers,
2003). The unfertilized egg is arrested at metaphase 11 of meiosis, and the site of the egg nucleus
is defined as the animal pole. After fertilization, the egg resumes and completes meiosis with
the emission of the second polar body (Fig. 1). In many cases, the second polar body remains
attached to the egg through an intercellular bridge (Gardner, 1997), so that its location often
serves as a landmark of the animal pole during later development, although how long this
attachment stably persists may vary among embryos. The first cleavage occurs at about 16—-20
hours after fertilization, and the following cleavages take place at an interval of roughly 12
hours. Notably, the cell cycle length is considerably variable not only among different embryos
but also among blastomeres within the same embryo. Thus, the total blastomere number of an
embryo at a given time point is sometimes other than 2". The details of asynchronous cell
division cycles are particularly evident in the recent studies using time-lapse cinematography
and three-dimensional visualization techniques of developing embryos (Kurotaki et al.,
2007;Bischoff et al., 2008;Fujimori et al., 2009).

The first three rounds of cleavages yield a total of eight blastomeres that are morphologically
similar to each other (Fig. 1). Before the fourth cleavages, compaction occurs, which converts
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an embryo with eight clearly demarcated blastomeres into a ball of highly packed cells where
the outlines of blastomeres are not readily distinguishable (Fig. 1). Upon compaction, an apical-
basal polarity emerges in all eight blastomeres that are manifested as polarized distributions
of various membrane and cytoplasmic components along the axis from the surface (apical) to
the centre (basal) of the embryo (Handyside, 1980;Johnson and Ziomek, 1981a;Reeve,
1981;Reeve and Ziomek, 1981;Fleming and Pickering, 1985;Maro et al., 1985;Johnson and
McConnell, 2004). The fourth cleavages generate a total of 16 blastomeres, some of which are
positioned on the surface of the embryo, whereas others are entirely surrounded by neighboring
blastomeres. The number of external and internal blastomeres at the 16-cell stage varies
considerably among embryos. In some studies, they are estimated to be 6-7 internal and 9-10
external blastomeres on average (Handyside, 1981;Johnson and Ziomek, 1981b;Fleming,
1987;Suwinska et al., 2008). External blastomeres retain an apical-basal polarity, whereas
internal blastomeres are apparently devoid of polarity. The fifth cleavages generate more
external and internal cells, and a 32-cell stage embryo is estimated to contain 12-13 internal
and 19-20 external blastomeres on average (Handyside, 1978,1981;Fleming, 1987;Suwinska
et al., 2008). The above estimates on the external and internal cell numbers at 16- and 32-cell
stages are based on the retention of surface labels after blastomere dissociation (e.g., labeled
ones as external; Handyside, 1981;Fleming, 1987;Suwinska et al., 2008) or on the shape and
size of dissociated blastomeres (e.g., polarized and larger ones as external; Johnson and
Ziomek, 1981b). However, it is of note that other methodologies, particularly those that are
based on fluorescent-labeling of cell cortex in fixed whole embryos, have yielded significantly
different estimates: only 1-2 internal blastomeres on average are present in a 16-cell stage
embryo (Dietrich and Hiiragi, 2007;Fujimori et al., 2009). The cause of such discrepancy is
currently unknown. However, because the size of area that is exposed to the surface is
considerably variable among individual external blastomeres, it is possible that some
blastomeres, especially those with a lesser surface exposure (Fig. 2A), may not be detected (or
defined) as external blastomeres under certain methodologies.

After the fifth cleavages, one or more small cavities start to form between blastomeres. These
initial intercellular cavities are apparently derived from intracellular vesicles, or vacuoles, that
are secreted from external blastomeres by exocytosis (Aziz and Alexandre, 1991). Cavities
then continually expand and fuse with each other to form a single large cavity. At this point,
the embryo is specifically called the “blastocyst”, in which external cells (now defined as TE)
adopt the epithelial morphology to surround the entire embryo, whereas internal cells (now
defined as ICM) aggregate as a single mass that is attached to the basal surface of TE (Fig. 1).
Due to the eccentric localization of ICM, the blastocyst displays a distinct morphological axis:
the side where ICM is located is referred to as the embryonic (Em) pole, and the opposite side
where the cavity is situated is referred to as the abembryonic (Ab) pole (Fig. 1). Importantly,
because of such polarized association, TE and ICM further diversify during later development.
For example, the region of TE that is in contact with ICM gives rise to the extraembryonic
ectoderm in response to the paracrine signal, namely Fgf4, that is produced by ICM (Gardner,
1983; Nichols etal., 1998). Also, a population of ICM cells gives rise to the primitive endoderm
on the surface that is facing the blastocyst cavity. While the exposure to the surface can trigger
the differentiation of ICM to the primitive endoderm, recent studies also suggest that the
precursor cells for primitive endoderm are present within ICM in a mosaic manner at the
blastocyst stage, which later migrate towards the surface (Chazaud et al., 2006; Plusa et al.,
2008). Thus, the embryonic-abembryonic (Em-Ab) axis of the blastocyst is closely linked to
the organization of later stages of embryos.

3. TE formation and epithelialization

TE, which is the first cell type to differentiate in mouse development, possesses the
characteristics of epithelium. The formation of epithelium by embryonic cells is a common
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feature of early development in many animals. Epithelium formation is also accompanied by
the creation of a large cavity at the center of the embryo in a wide range of animals, including
sea anemone, nematode, sea urchin, and frog (Shook and Keller, 2003; Schierenberg, 2005;
Magie et al., 2007; Wu et al., 2007). The cavity, which is specifically called the blastocoel, is
generated by the epithelium that engages in polarized transport of ions and water. In these
animals, the blastocoel provides a space for mesoderm and endoderm to move into through the
morphogenesis of gastrulation. In many literatures, the cavity in the mammalian blastocyst is
also referred to as the blastocoel. However, it is important to note that the blastocyst cavity is
not developmentally or phylogenetically equivalent to the blastocoel of other animals, as the
former is not the space for mesoderm or endoderm to move into.

In the mouse embryo, epithelium formation starts as compaction at the late 8-cell stage and
continues for the next 24 hours to complete at around the 32-cell stage. During compaction,
intercellular adhesion is markedly enhanced primarily through the activity of Ca2*-dependent
adhesion molecule E-cadherin (Shirayoshi et al., 1983; Johnson et al., 1986; De Vries et al.,
2004). E-cadherin is a major component of adherens junctions (AJ), which are protein
complexes that are located at cell-cell junctions in most epithelial tissues (Niessen and Gottardi,
2008). In mouse embryos, the lack of E-cadherin expression leads to defective AJ, which in
turn interferes with the formation of another junctional complex of epithelium, tight junction
(TJ) (Larueetal., 1994; Ohsugi et al., 1997). In a typical epithelium, cell membranes are tightly
connected between apposing cells through TJ, which is composed of distinct proteins, such as
claudin, occludin and zonula occludens (ZO) proteins, and which creates a barrier that is
virtually impermeable to fluid (Tsukita et al., 2008). In mouse embryos, some of the TJ
components start to localize near the apical side of cell-cell boundaries at the time of
compaction, and the assembly of mature TJ is completed by around 32-cell stage, which is
capable of sealing the blastocyst cavity (Johnson and McConnell, 2004; Eckert and Fleming,
2008). Various experimental studies have demonstrated that many of the TJ components play
critical roles in the formation or maintenance of the blastocyst cavity. Those TJ components
include ZO-1, ZO-2 and claudin 4/6, whose knockdown or inhibition results in defective or
delayed formation of the cavity (Moriwaki et al., 2007; Sheth et al., 2008; Wang et al., 2008).
However, it is of note that those phenotypes caused by a loss-of-function of one TJ component
are far less severe than those of the E-cadherin knockout, possibly due to functional redundancy
among various TJ components (Katsuno et al., 2008; Tsukita et al., 2008; Xu et al., 2008).

Furthermore, in most epithelial tissues, the establishment of cell polarity and junctional
complexes is dependent on the PAR-aPKC system. The PAR-aPKC system is composed of a
set of evolutionarily conserved proteins, including partition-defective (PAR) homologs and
atypical protein kinase C (aPKC), whose distributions and/or activities are distinctly localized
along the apical-basal axis of the epithelium (Suzuki and Ohno, 2006; Ebnet et al., 2008;
Assémat et al., 2008). The PAR-aPKC system may also play critical roles in the formation of
TE in mouse embryos. For example, some of the components become localized asymmetrically
along the apical-basal axis of cells after compaction, namely Pard3, Pardéb, and aPKC( (Prkcz)
proteins to the apical side, and Parl homolog Emk1 (Mark?2) to the basal domain (Pauken and
Capco, 2000; Eckert et al., 2004; Thomas et al., 2004; Plusa et al., 2005; Vinot et al., 2005).
Also, the interference with Pard3 or aPKC leads to a decreased tendency to develop into TE
(Plusa et al., 2005).

In order for the blastocyst cavity to form and expand, TE needs not only to create a tightly
sealed layer with junctional complexes but also to pump fluid into the cavity. The major driving
force for water influx from the apical side to the basal side of TE is the osmotic pressure
generated by an increased concentration of sodium ions on the basal side of the epithelium.
Transport of sodium ions into the basal side, where a nascent blastocyst cavity forms, is
mediated by the actions of several carriers, including Na*/H* exchanger for Na* influx at the
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apical membrane and Na*/K*-ATPase for Na* efflux at the basal membrane (Wiley, 1984;
Manejwala et al., 1989; Watson, 1992; Barr et al., 1998; Barcroft et al., 2004; Kawagishi et
al., 2004). Interestingly, the knockdown of Na*/K*-ATPase p1 subunit not only interferes with
the formation of the blastocyst cavity but also results in an aberrant distribution of TJ
components ZO-1 and occludin (Madan et al., 2007). This implicates that proper establishment
of Na* gradient across the TE layer is essential for the assembly of mature TJ, which may be
a potential link between two distinct functional aspects of epithelium, i.e., tight sealing and
fluid pumping.

How does an embryo decide when to initiate the epithelium formation? The mechanism of
such regulation of timing is currently not well-understood. Compaction typically starts at the
late 8-cell stage. However, this timing is unlikely to be controlled by the number of cell
divisions, because the inhibition of cytokinesis or DNA replication does not delay the initiation
of compaction (Smith and McLaren, 1977; Smith and Johnson, 1985). Interestingly,
compaction and cavity formation are accelerated when embryos are manipulated in such a way
that a portion of cytoplasm has been removed at the 1-cell stage or replaced with cytoplasm
from later stages of embryos (Feng and Gordon, 1997; Lee et al., 2001). A possible explanation
for this is that certain suppressive factors are expressed in embryos from 1-cell stage to prevent
compaction, but those factors gradually disappear during development, so that compaction is
no longer suppressed at the late 8-cell stage. The notion of the presence of suppressive factors
is consistent with the observation that compaction occurs precociously when embryos are
treated with a protein synthesis inhibitor (Levy et al., 1986). While the molecular nature and
mode of actions of such hypothetical factors are unknown, several studies also suggest that the
activation of protein kinase C and the redistribution of E-cadherin to the basolateral membrane
are involved in the regulation of timing of compaction (Winkel et al., 1990; Ohsugi et al.,
1997; Pauken and Capco, 1999; Kawai et al., 2002).

4. Roles of transcription factors in TE and ICM formation

Transcription factors are critical regulators of cell fate determination during animal
development. A few transcription factors have been identified that are essential to generate TE
and ICM correctly in the mouse blastocyst. Oct4 (Pou5f1) is a POU-domain transcription
factor, and is strongly expressed in ICM (Okamoto et al, 1990; Rosner et al., 1990; Schéler et
al., 1990; Fig. 2B). Oct4-null embryos can give rise to blastocysts that appear morphologically
normal, i.e., epithelial TE surrounding a large cavity and an internal cell aggregate that is
reminiscent of ICM. However, the internal cell aggregates of the Oct4-null blastocyst express
TE-specific intermediate filaments (Nichols et al., 1998). Also, the inactivation of Oct4 in
embryonic stem (ES) cells, which are ICM-derived cell lines, results in the differentiation of
TE (Niwa et al., 2000). Thus, Oct4 is essential to prevent ICM from diverting towards the TE
lineage. Transcriptional targets of Oct4 have been vigorously investigated, especially in light
of its role in the molecular regulation of pluripotency in ES cells (Niwa, 2007). One of the
well-defined Oct4 targets is the Fgf4 gene, which encodes a ligand of the fibroblast growth
factor signaling pathway. Fgf4 is secreted from ICM and induces proliferation in adjacent polar
TE (Yuan et al., 1995; Nichols et al., 1998). Another well-defined target is the Nanog gene,
which encodes a homeodomain transcription factor. Nanog is also essential for the maintenance
of pluripotency in ICM and ES cells, although, unlike Oct4, it prevents ES cells from giving
rise to the primitive endoderm lineage (Chambers et al., 2003; Mitsui et al., 2003; Kuroda et
al., 2005; Rodda et al., 2005).

Cdx2 is a caudal-type homeodomain transcription factor, and is specifically expressed in TE
(Beck et al., 1995; Fig. 2C). In Cdx2-null embryos, the initial phase of epithelialization,
including compaction, blastomere polarization, and cavity formation, takes place normally
(Strumpf et al., 2005; Ralston and Rossant, 2008). However, by late blastocyst stage, Cdx2-
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null embryos lose the epithelial integrity of TE, as evidenced by disturbed AJ and TJ, and fail
to maintain the blastocyst cavity. Cdx2-null embryos also exhibit an increased incidence of
apoptosis at embryonic day E4.5, which may contribute to the collapse of the cavity (Strumpf
et al., 2005). Notably, Oct4 is strongly expressed in the external cells of Cdx2-null embryos,
indicating that Cdx2 is necessary to repress the expression of Oct4 in TE (Strumpf et al.,
2005; Niwa et al., 2005). ES cells can be derived from Cdx2-null embryos (Chawengsaksophak
et al., 2004), whereas no derivatives of TE, including trophoblast giant cells and trophoblast
stem (TS) cell lines, can be obtained from them (Strumpf et al., 2005). Thus, Cdx2 is essential
for the maintenance of TE, but is dispensable for the formation and maintenance of ICM. One
of the potential transcriptional targets of Cdx2 is the Eomes gene, which encodes a T-box
transcription factor and is expressed in the TE lineage (Ciruna and Rossant, 1999; Russ et al.,
2000). The expression level of Eomes is markedly decreased in Cdx2-null embryos at E4.5
(Strumpf et al., 2005; Ralston and Rossant, 2008). Unlike Cdx2-null embryos, Eomes-null
embryos form morphologically normal blastocysts with an expanded cavity and the correct
expression patterns of Oct4 and Cdx2 (Strumpf et al., 2005). However, TE of Eomes-null
embryos is unable to generate trophoblast giant cells and TS cell lines (Russ et al., 2000;
Strumpf et al., 2005).

Tead4 is a TEA domain transcription factor. Although Tead4 is ubiquitously expressed in the
blastocyst without an apparent localization to ICM or TE (Nishioka et al., 2008), Tead4-null
embryos exhibit defects specifically in TE. Compaction occurs normally at the 8-cell stage,
but the blastocyst cavity never forms in Tead4-null embryos (Yagi et al., 2007; Nishioka et al.,
2008). E-cadherin appears to be expressed normally in Tead4-null embryos, suggestive of
intact AJ (Yagi et al., 2007; Nishioka et al., 2008), although the integrity of TJ in Tead4-null
embryos is currently unknown. Similar to Cdx2-null embryos, ES cells, but not TS cells, can
be derived from Tead4-null embryos, indicating that Tead4 is essential for TE but dispensable
for ICM. Notably, the expression of Cdx2 is virtually absent in Tead4-null embryos, whereas
Oct4 and Nanog are ectopically expressed in external cells at late blastocyst stage (Yagi et al.,
2007; Nishioka et al., 2008). A recent study suggests that the TE-specific action of Tead4 is
mediated by the localized stabilization of the Yap protein in external blastomeres, which binds
to Tead4 and acts as a transcriptional activator (Nishioka et al., 2009). The Cdx2 gene may be
one of the transcriptional targets of Tead4. However, the phenotype of Tead4-null embryos is
more severe than that of Cdx2-null embryos, as the latter can still form a cavity initially. Thus,
other target genes of Tead4 may play essential roles in epithelialization and cavity formation.

5. Timing of cell fate determination

After the fourth cleavages, internal blastomeres are distinguishable from external blastomeres
not only geometrically but also morphologically, as the former are non-polarized and the latter
are polarized. However, in terms of developmental fate, when do internal and external
blastomeres become committed to giving rise to ICM and TE, respectively? Various
experimental studies using micromanipulation techniques, such as blastomere isolation,
aggregation, and transplantation, have led to a general conclusion that the fates of blastomeres
are not determined until the fifth cleavages. For example, external blastomeres isolated from
the 16-cell stage embryo can give rise to ICM when experimentally replaced internally, whereas
internal blastomeres can give rise to TE when replaced externally (Rossant and Vijh, 1980;
Ziomek and Johnson, 1982; Ziomek et al., 1982; Johnson and Ziomek, 1983). This notion is
further elaborated in a recent study (Suwinska et al., 2008). The surface of 16- or 32-cell stage
embryos is labeled with fluorescent microbeads or dyes, and then the embryos are dissociated
into individual blastomeres. This allows the identification and separation of external (labeled)
blastomeres from internal (non-labeled) blastomeres. When 16 of internal or external
blastomeres isolated from 16-cell stage embryos are aggregated as a single mass, both types
of aggregates are capable of not only forming expanded blastocysts with the correct expressions
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of Oct4 and Cdx2, but also in giving rise to healthy adult mice when transferred into surrogate
mothers. On the contrary, the situation is different when 32 of internal or external blastomeres
isolated from 32-cell stage embryos are aggregated. Most aggregates made of external
blastomeres generate TE but are essentially devoid of ICM. Aggregates of internal blastomeres
form a cavity in a delayed manner, but are unable to implant in surrogate mothers (Suwinska
et al., 2008). These experiments suggest that significant changes occur in the developmental
potential of blastomeres at around the time of the fifth cleavages.

Consistent with the above notion, internal blastomeres that are isolated from early cavitating
blastocysts can still regenerate a TE layer with a cavity. In many experimental studies, internal
blastomeres and ICM are obtained from various stages of embryos by immunosurgery, which
is a convenient and effective method to isolate pure populations of internal cells by destroying
all the surface cells using antibodies and complements (Solter and Knowles, 1975). When
exposed to the surface after isolation, the originally non-polarized internal blastomeres exhibit
morphological changes to acquire a distinct apical-basal polarity, which is followed by
epithelialization and the formation of a new blastocyst cavity (Handyside, 1978; Spindle,
1978; Johnson, 1979; Chisholm et al., 1985; Louvet-Vallée et al., 2001; Eckert et al., 2004).
Isolated internal blastomeres from early cavitating blastocysts (hereafter called “isolated
ICM™) can also implant in the uterus when transferred into surrogate mothers, indicating that
regenerated TE is functional (Rossant and Lis, 1979). The process of polarization and
epithelialization in isolated ICM is relatively rapid, as the cavity formation is observed in about
6 hours without cell division (Louvet-Vallée et al., 2001). This is quite a contrast to the normal
course of epithelialization, which starts at late 8-cell stage and matures at around 32-cell stage,
taking about 20 hours over two rounds of cell divisions. Interestingly, the polarization of
isolated ICM occurs in the presence of a protein synthesis inhibitor (Louvet-Vallée et al.,
2001). This suggests that internal blastomeres of early cavitating blastocysts already express
sufficient components to establish an apical-basal polarity, but they are unable to do so until
exposed to the surface. Thus, the regeneration of TE in isolated ICM is unlikely to be a process
of “trans-differentiation”, which typically requires cell divisions and the expression of a new
set of gene products (Thowfeequ et al., 2007; Zhou and Melton, 2008).

Molecular mechanisms that are responsible for the dramatic change in cell fate determination
at around the fifth cleavages are currently unknown. However, the change appears to be
associated with an alteration in the expression pattern of Cdx2 protein, a transcription factor
essential for normal TE development. At 8- to 16-cell stages, Cdx2 is detectable at various
levels in the nuclei of most blastomeres, regardless of their external or internal location.
However, during the transition from 16- to 32-cell stage, the level of Cdx2 becomes stronger
in the external blastomeres and weaker in the internal blastomeres, eventually establishing the
TE-specific expression at the blastocyst stage (Dietrich and Hiiragi, 2007; Ralston and Rossant,
2008). Thus, the disappearance of Cdx2 expression in internal blastomeres appears to coincide
with the decrease in their potential to form TE. It is important to note, however, that the lack
of Cdx2 expression itself is not the cause of inability to develop TE, because Cdx2-null embryos
can initially form a blastocyst cavity (Strumpf et al., 2005). Hence, certain cellular events that
are triggered by the exposure to the surface are likely to direct the elevation and maintenance
of the Cdx2 expression as well as the commitment towards the TE lineage in external
blastomeres at around 32-cell stage.

Because the location of blastomeres (i.e., external or internal) at around 32-cell stage is tightly
linked to the commitment towards TE or ICM lineage, the patterns of the fourth and fifth
cleavages in each blastomere could impact on how many cells would contribute to TE or ICM.
Conceptually, cleavage patterns of blastomeres of 8-cell stage embryos and of external
blastomeres of 16-cell stage embryos can be categorized into two groups: symmetric and
asymmetric. Symmetric cleavage, in which the plane of cell division is parallel to the apical-
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basal axis, yields two external blastomeres, whereas asymmetric cleavage, in which the plane
of cell division runs perpendicular to the apical-basal axis, yields one external and one internal
blastomere (Fig. 3A). Thus, in theory, the ratio of TE to ICM can be determined by how many
of symmetric or asymmetric cleavages are executed in individual blastomeres. The question
is, does the embryo actually employ such a mechanism of controlling the cleavage pattern to
regulate the formation of TE and ICM? Examination of fourth cleavages in developing embryos
using time-lapse cinematography has revealed that the planes of cell divisions occur at various
angles relative to the apical-basal axis (Sutherland et al., 1990), suggesting that the orientations
of cleavage planes are not strictly regulated in a bimodal fashion (i.e., parallel or perpendicular
to the apical-basal axis). Also revealed by time-lapse cinematography is that relative positions
of blastomeres change dynamically during the fourth and fifth cleavages: a blastomere first
becomes spherical and uncompacted during mitosis, and divides into two round blastomeres,
which then flatten and merge with the rest of the embryo (Kurotaki et al., 2007;Fig 3B). Thus,
it appears unlikely that the numbers of TE and ICM cells in the blastocyst are determined by
a strict regulation of cleavage orientations between symmetric and asymmetric patterns at the
fourth and fifth cleavages. Nonetheless, several studies have put forward a model that the
cleavage orientations are actively regulated by specific molecular machineries, which
ultimately determine how a blastomere contributes to TE and ICM (Plusa et al., 2005;Bischoff
etal., 2008). Particularly, Cdx2 has been proposed to be the key regulator of such machineries,
whose elevated expression in blastomeres promotes symmetric cleavages to generate TE
preferentially (Jedrusik et al., 2008). However, another recent study has shown that in chimeric
embryos made of normal and Cdx2-null embryos, Cdx2-null blastomeres appear to contribute
to both TE and ICM as efficiently as normal blastomeres (Ralston and Rossant, 2008). Thus,
the role of Cdx2 in the regulation of cleavage patterns is currently unclear.

6. Does adevelopmental bias exist among blastomeres at 2- to 4-cell stages?

Evidently, cell fates are not fixed until around 32-cell stage. However, this does not preclude
the possibility that developmental potentials are unequal among blastomeres at earlier stages.
For example, a particular blastomere in the 4-cell or even 2-cell stage embryo may already be
biased to give rise preferentially to a particular type of cells or to contribute to a specific region
in the blastocyst, although such bias may be erased or modified by experimental manipulations.
In line with this notion, several studies have put forward a model that one blastomere at the 4-
cell stage is biased to contribute exclusively to TE on the Ab side (Piotrowska-Nitsche and
Zernicka-Goetz, 2005; Piotrowska-Nitsche et al., 2005; Torres-Padilla et al., 2007; Bischoff
et al., 2008; Jedrusik et al., 2008). A particular group of 4-cell stage embryos (named ME-
pattern) arise from specific asynchronous cleavages of the 2-cell stage blastomeres: the earlier
cleavage occurs meridional (M) or parallel to the animal-vegetal axis, and the later cleavage
occurs equatorial (E) or perpendicular to the animal-vegetal axis. In these ME-pattern 4-cell
stage embryos, which are found in roughly half of the embryo population, the descendants of
the vegetal-most blastomere almost exclusively contribute to the abembryonic pole of the
blastocyst, or specifically to polar TE. Also, aggregates that are made of 3 or 4 of the vegetal-
most blastomeres isolated from ME-pattern embryos do not develop as efficiently as those that
are made of other types of blastomeres, suggesting that the developmental ability of the vegetal-
most blastomere is limited. Based on these observations, a model has been proposed that one
of the blastomeres at the 4-cell stage, which can be identified as the vegetal-most blastomere
in ME-pattern embryos, already possesses a distinct developmental potential that is biased
toward TE of the abembryonic side (Piotrowska-Nitsche and Zernicka-Goetz, 2005;
Piotrowska-Nitsche et al., 2005). Furthermore, it has been shown that the descendants of the
vegetal-most blastomere in ME-pattern embryos tend to execute symmetric types of cleavages,
which yield more external blastomeres during fourth and fifth cleavages (Bischoff et al.,
2008), that the Cdx2 gene is expressed preferentially in the vegetal-most blastomere to promote
symmetric cleavages (Jedrusik et al., 2008), and that the nucleus of the vegetal-most blastomere
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carries a unique epigenetic feature, namely a reduced level of histone methylation H3R26me,
which may interfere with the expression of ICM-specific genes (Torres-Padilla et al., 2007).
These observations further augment the above model with potential cellular and molecular
mechanisms that are responsible for the biased developmental potential of one of the 4-cell
stage blastomeres.

Nevertheless, the notion of biased developmental potential at the 4-cell stage is currently of
profound controversy for various reasons. First, a developmental bias that is similar to the
vegetal-most blastomere in ME-pattern embryos has not been demonstrated in other types of
embryos, namely EM-, MM-, and EE-patterns. These types of embryos altogether constitute
more than half of embryo populations, and are capable of full-term development as efficiently
as ME-pattern embryos (Piotrowska-Nitsche and Zernicka-Goetz, 2005). This raises a question
regarding the universality of the biased potential at the 4-cell stage as a critical means of embryo
patterning. Second, when an isolated vegetal blastomere of ME-pattern embryo is aggregated
with four of randomly isolated blastomeres, it can contribute to the derivatives of ICM, such
as epiblast, as effectively as other blastomeres (Piotrowska-Nitsche et al., 2005), indicating
that the developmental bias of the vegetal-most blastomere towards TE does not manifest under
such experimental situation. However, it is unlikely that experimental manipulations, namely
isolation and aggregation, would erase the developmental bias, because aggregates that are
made entirely of isolated vegetal-most blastomeres still exhibit defective development
(Piotrowska-Nitsche et al., 2005). Third, despite that the vegetal-most blastomere of ME-
pattern embryos preferentially contribute to TE in whole embryos, aggregates made of the
vegetal-most blastomeres develop less effectively to expanded blastocysts than aggregates
made of other blastomeres (Table 2 in Piotrowska-Nitsche et al., 2005). If the ineffective
development of a blastocyst cavity is indicative of defective TE formation, then the notion that
the vegetal-most blastomeres are biased towards TE lineage appears contradictory. Fourth, the
notion that one of the 4-cell stage blastomeres almost exclusively contribute to the abembryonic
side is inconsistent with a recent cell lineage study, which has shown that an exclusive
contribution of one of the 4-cell stage blastomeres to the Ab region occurs only in about 8%
of the cases (i.e., in about 92% of the cases, 4-cell stage blastomeres contributes to ICM)
(Kurotaki et al., 2007). Lastly, another recent cell lineage study has shown that the vegetal-
most blastomere of ME-pattern embryos contributes to the Em side as effectively as to the Ab
side (Alarcon and Marikawa, 2008).

Another model of biased developmental potential has also been proposed: the two blastomeres
at the 2-cell stages are already different from each other such that one blastomere contributes
mainly to the Em half and the other blastomere to the Ab half of the blastocyst (Fig. 4A). This
model is based on two types of observations. One is that the boundary between the Em and Ab
halves of the early blastocyst tends to align with the plane of the first cleavage, which is
estimated by the location of the second polar body or traced by marking of the surrounding
egg shell, called the zona pellucida (ZP) (Gardner, 1997;2001). The other type of observation
is that the descendants of each of the 2-cell stage blastomeres, when traced up to the early
blastocyst stage using a fluorescent label, tend to occupy either the Em or Ab half (Piotrowska
etal., 2001). Importantly, as stipulated in the model, the segregation of 2-cell stage blastomeres
into the Em and Ab halves occurs only as a tendency: it is observed in 60-70% of embryo
populations (Gardner, 2001;Piotrowska et al., 2001). Furthermore, the model is in accord only
with normal and undisturbed development, as any experimental manipulations, such as
separation of blastomeres, may obliterate the developmental bias or activate certain regulatory
mechanisms to compensate for the disturbance.

However, this model also encounters various objections. Several independent cell lineage
studies have shown that the descendants of 2-cell stage blastomeres do not segregate between
Emand Ab halves at an appreciable frequency (Alarcon and Marikawa, 2003; 2005; Chrdscicka
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etal., 2004; Motosugi et al., 2005; Kurotaki et al., 2007). In addition, an alternative explanation
has been put forward in several studies to account for the apparent correlation between the first
cleavage plane and the boundary between the Em and Ab halves (Motosugi et al., 2005;
Kurotaki et al., 2007; Alarcdn and Marikawa, 2008). The shape of ZP is often not spherical
but rather ellipsoidal. In that case, a two-cell stage embryo would be positioned within the ZP
most fittingly when the two blastomeres are lined up along the longest diameter of the ZP (Fig.
4B,C). Also, a blastocyst is likely to adopt a slightly elongated shape when an eccentrically
located cavity expands (Fig. 4D). In that case, a blastocyst would be positioned most fittingly
within the ZP when a cavity is situated at one end of the longest diameter. As a result of these
two types of physical restraints imposed by an ellipsoidal ZP, the boundary between Em and
Ab halves of the blastocyst would be likely to align along the first cleavage plane (Fig. 4E).
Such influence of embryo shape on the position of the blastocyst cavity (therefore, the Em-Ab
axis) has been demonstrated by various experiments, such as mechanical flattening of embryos
(Motosugi etal., 2005), embedding of embryos in an alginate gel (Kurotaki et al., 2007; Alarcon
and Marikawa, 2008), and removing of ZP (Kurotaki et al., 2007), and also by computer
simulations using mathematical models (Honda et al., 2008). These studies further support that
an apparent correlation of the two-cell stage blastomeres with the Em-Ab axis is merely a
consequence of mechanical constraint from the ZP, rather than due to unequal developmental
potential between the two blastomeres.

Even so, the notion of biased developmental potential in the two-cell stage embryo has not
been abandoned, as exemplified by a recent study that opposes the involvement of mechanical
constraint from the ZP (Gardner, 2007). Nonetheless, it is imperative to underscore the
following two points with respect to developmental bias at the 2-cell or 4-cell stage. (1) In spite
of persistent and painstaking attempts in various studies, a developmental bias at these stages
is not consistently or reproducibly observed. Thus, even if a bias does exist, it is likely to be
extremely fragile or manifests only under a certain restricted condition. (2) Numerous
experimental studies have indisputably demonstrated that mouse embryos are perfectly capable
of full-term development even without any developmental bias at the 2-cell or 4-cell stage.
This fact does not a priori exclude the existence of a bias. However, because it is dispensable
for normal development, such bias, and the molecular and genetic mechanisms behind it, would
less likely be conserved during evolution.

7. Concluding remark

In the past several decades, numerous experimental studies have clearly demonstrated that the
establishment of the first two cell lineages, TE and ICM, is regulated by the location of
blastomeres in mouse embryos. However, the major question still remains to be answered:
what is the molecular nature of such mechanisms? The external location of blastomeres, i.e.,
the exposure to the surface, is likely to be a structural precondition for cellular polarization,
which is linked to the generation of epithelial features, such as the formation of TJ and the
localization of Na*/K*-ATPase (Fig. 5). But, how do such structural and physiological
properties of the external blastomere promote the TE-specific nuclear activity, namely the up-
regulation of the Cdx2 gene expression? Or, is the gene expression in external blastomeres
controlled independently from the morphological process of epithelialization? A similar
question can also be posed for the unique phenotype of Tead4-null embryos, in which external
blastomeres are unable to form epithelium and to up-regulate Cdx2 (Yagi et al., 2007;Nishioka
et al., 2008). Does Tead4 regulate both epithelialization and the Cdx2 expression
independently, or does it control epithelialization, which in turn affects the Cdx2 expression?
These questions may be answered through future studies that take advantage of various modern
technologies, such as targeted knockout/knockdown of specific gene products, three-
dimensional visualization of fluorescently tagged gene products, and time-lapse
cinematography of development in normal as well as manipulated embryos.
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In most non-mammalian animals, the establishment of the first cell lineages, i.e., the three germ
layers, is governed by the factors stored in the egg that are often localized asymmetrically along
the animal-vegetal axis. These localized factors are partitioned unequally among blastomeres
during the initial rounds of cleavages, generating distinct cell populations in the early embryo.
Several localized factors have been identified in chordates, such as ascidians, fish and frogs,
that regulate the establishment of germ layers, many of which are mRNA encoding
transcription factors or signaling molecules (Zhang et al., 1998; Nishida and Sawada, 2001,
Bjornson et al., 2005; Birsoy et al., 2006). In these animals, the formation of the three germ
layers is a rapid event, as it is typically completed within a day after fertilization. Such rapidity
may be prerequisite to employ localized factors in the egg as key regulators of cell lineage
specification, especially when the factors are relatively fragile or have high turnover rate,
possibly as in the case for the above molecules. On the contrary, as reviewed in this article, the
first cell lineage specification in mammalian development, i.e., the formation of TE and ICM,
is a slow event, and it takes about three days after fertilization. Interestingly, the timing of
blastocyst implantation is not determined by how fast embryos can reach the blastocyst stage,
but rather by when the mother’s uterus becomes ready to accept blastocysts. This situation is
exemplified by the phenomenon called diapause or delayed implantation in certain mammals,
including the mouse, where fully developed blastocysts can be suspended alive in the uterus
without implantation. The diapause may last for up to several weeks until the mother overcomes
certain sub-optimal conditions for reproduction, such as unfavorable climate or limited
maternal nutrients due to the presence of a suckling litter (Mantalenakis and Ketchel, 1966;
Yoshinaga and Adams, 1966; Surani and Fishel, 1981; Lopes et al., 2004). Thus, a rapid mode
of initial cell lineage specification may not necessarily be beneficial for mammalian embryos
as compared to non-mammalian embryos, in which various tissues need to be generated in a
timely manner, especially for feeding. Furthermore, because of considerable slowness of pre-
implantation development, the use of localized factors in the egg, like those molecules used in
other chordates, may not be effective as the principal regulators of initial cell lineage
specification in mammalian embryos. Consistent with this notion, mouse embryos use the
location of blastomeres, i.e., external or internal, as the major cue to establish two distinct cell
types. Such mechanisms of initial lineage establishment are certainly different from those used
in non-mammalian embryos, and might have been invented during the course of evolution
towards mammals. In that sense, although fertilization is regarded as the start point of
development, what follows immediately afterwards may be fundamentally different between
mammals and non-mammals.

Lastly, for those readers who are interested in mouse embryo development beyond the
blastocyst stage, particularly regarding the molecular regulations of germ layer formation, we
recommend several recent review articles (Tam and Loebel, 2007; Arnold and Robertson,
2009; Rossant and Tam, 2009).
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Fig. 1.

Morphological transformation of mouse embryo during the first three days after fertilization.
Embryonic day is often used in literatures to describe the developmental stage of embryos,
which correspond to days after the mating of parents (or days post coitum). The timing of
developmental progression in this diagram is based on embryos that are cultured in vitro. 2PB,
second polar body; ZP, zona pellucida; TE, trophectoderm; ICM, inner cell mass; Ab,
abembryonic side; Em, embryonic side. Scale bar, 50 pm.

Mol Reprod Dev. Author manuscript; available in PMC 2010 May 24.

Em



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Marikawa and Alarcon Page 19

A B
R Oct4 Merged
C
Cdx2 Merged
Fig. 2.

(A) A 3D projection of confocal images of an embryo that is stained for actin filament using
fluorescently labeled phalloidin. Belt-like intense staining of actin filament represents adherens
junctions around the apical edge of cell-cell boundaries. The image is to highlight considerable
variations among blastomeres in terms of the size of area that is exposed to the surface.
Particularly, the one that is pointed out with an arrow has an extremely small surface exposed.
This blastomere may be identified as either external or internal depending on methodologies
used. (B) A 3D projection of confocal images of a late blastocyst that is stained for nuclei with
propidium iodide (PI, red color) and for Oct4 protein with a specific antibody (green color).
Note that Oct4 is most strongly expressed in the inner cell mass. (C) A 3D projection of confocal
images of a late blastocyst that is stained for nuclei with Pl and for Cdx2 protein with a specific
antibody (green color). Note that Cdx2 is exclusively expressed in the trophectoderm.
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Fig. 3.

(A) A schematic diagram depicting two types of cleavage patterns. Symmetric cleavage divides
a blastomere along the apical-basal axis to generate two external blastomeres, whereas
asymmetric cleavage divides perpendicular to the axis to generate one external and one internal
blastomere. (B) Dynamic behaviors of blastomeres during cleavages can be seen by time-lapse
cinematography. Images were taken every 20 minutes, starting at the beginning of the fourth
cleavages (time is given in hours:minutes in each frame). Note that blastomeres during
cleavages uncompact and then compact again, resulting in a dynamic change in the overall
shape of the embryo.
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(A) A schematic diagram depicting the relationship between the first cleavage plane at the 2-
cell stage and the boundary between the embryonic and abembryonic halves at the blastocyst
stage. (B) The ellipsoidal shape of zona pellucida (ZP) is stable and not dependent on the
tension from the 2-cell stage blastomeres. When placed in a medium of high salt concentration,
the embryo markedly shrunk, while the ZP maintained its elongated shape. (C) The ZP is firm
and constricts an embryo within. The ZP was digested with pronase, which relieved an embryo
from constriction. (D) Images of early blastocysts that were cultured without the ZP from the
8-cell stage. Note that embryos are slightly elongated along the Em-Ab axis likely due to the
expansion of the blastocyst cavity. (E) A schematic diagram depicting how a mechanical
constraint posed by an ellipsoidal ZP may affect the orientation of an elongated embryo at the
2-cell and blastocyst stages.
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Fig. 5.
Summary diagrams depicting the roles of the molecules in the formation of TE and ICM that
are discussed in this review article.
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